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This  paper  presents  &  review  of  various  technique*  employed  in  the 
simulation  of  a  jet  exhaust  in  ground  test  facilities.  A  brief  suaaaiy 
of  the  characteristics  of  a  jet  exhausting  into  both  quiescent  and 
coving  cedi  a  is  presented.  The  icportar.ee  of  duplicating  the  initial 


inclination  angle  of  the  jet.  Sj  .  then  conducting  simulation  studies 


is  pointed  out.  Various  scaling  parameters  are  erniaerated.  A  require* 
cent  for  the  duplication  of  the  jet  pressure  ratio,  jet  noaeatua.  and  the 
parameters  y.i «|/A  and  (RT).  is  indicated.  Experimental  dataare  also 
presented "which  verify  the  inpurtince,  cf  these  parameters  in  simulation 
studies.  Cne"  method  of  selecting  the  geecetry  and  test  conditions  fora 
simulation  code!  in  order  to  account  for  a  difference  in  y .  between 
uoael’snd  full  scale  and  still  duplicate  the  Important  si  cl  lari  ty  parar, 
beters.  is  presented^  . 
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Ce  papier  pfesente  une  revue  de  diverses  techniques  toployees  dans 
la  siculntidr.  de  1*  echepperent  du  jet.  ea  essals  a  terre.  Un  bref 
soruai fo  des  cnrecteristiques  de  1' ecfcappeseht  da  Jet  en  milieu  calm 
et  agile  est  presente.  V  importance  de.  doubler  1* inclinalsoa  initial* 
du  jet  5y  dans  .1'*  etude  de  la  simulation  est  por.ctuee.  Different*  . 
parsnetres  d’ecbelle  sent  ehtrcefds.  Cne  condition  pour  la  duplication 
du  rapport  de  pression  du  jet.  de  son  ccaent,  .et  des  pamsetres 
et  (ETj^  est  indiquee.  Des  resultats  experisentaux  qal 
verifies!  1* importance  de  ces  paresetres" en  etudes  sijsulees  font  aussi 
presented..  Aussi  est  presentee  uhe  cethode  qai  perset  de  cboisir  la 
geooetfie  et  ies  conditions  du  test  pour  use  simulation  afin  de  teair 
compte  d'une  difference  dens  >y  entre  codc-le  et  plelne  ecbelle.  tout 
en  cepesdant  dnubicat  les  pafsaetres  sisilaires  irportants. 
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JET  SIMULATION  IN  GROUND  TEST  FACILITIES 


M.  Pihdzola* 


I.  INTRODUCTION 


Shortly  after  the  inception  of  the  use  of  jet  propulsion  for  air  vehicles,  it  was 
observed  that  significant  changes  were  realized  between  the  jet-on  and  jet-off  cases 
on  the  aerodynamic  and  therwodynanic  characteristics  of  the  vehicle.  Early  sujaiaries 
of  these  effects  are  presented  in  References  I  and  2  for  aircraft  and  missile  con¬ 
figurations  respectively.  Since  these  summaries  were  published,  many  additional 
investigations  have  been  conducted  in  order  to  more  accurately  define  the  jet  inter¬ 
actions.  Some  of  the  nq re  recent  studies  are  listed  as  References  3  to  10  in  this 
Report.  Each  of  these  references  in  turn  lists  the  cost  recent  work  in  .the  respective 
fields  of  study. 


the  purpose  of  this  Report  Is  to  summarize  the  various  techniques  which  .are  used 
to  obtain  the  jetton  characteristics.  Results  of  such  investigations  will  be  quoted 
only  to  show  the  merit  of  the  techniques  employed. 

The  discussion  will  be  limited  primarily  to  ah  xisyroetric,  under-expanded  Jet. 

A  short  review  of  the  characteristics  of  such  a  Jet  are  presented  in  Section  II.  This 
review  is  separated  into  the  categories  of  a  jet  exhausting  into  a  medium,  at  rest  apd 
into  a  moving  stream.  It  should  be  realized  that  even  with  a  vehicle  in  motion, 
portions  of  the  jet  exhaust  for  certain  base  configurations  can  be  typified  as  though 
exhausting  into  a  medium  at  rest,  ; 

In  Section  III,  some  of  the  scaling  laws  of  particular  concern  to  the  subject 
matter  are  presented.  No  discussion  of  the  core  usual  fluid  dynamic  and  thermodynamic 
similarity  parameters  such  as  the  Reynolds  and  Prandtl  numbers  is  presented. 

Methods  of  jet  simulation  used  in  ground  test  facilities  are  next. presented  in 
Section  IV  followed  by  a  presentation  of  typical  test  results  using  these  techniques.  . 
in  Section  V.  The  more  important  aspects  of  these  results  are  discussed  in  Section  W. 

The  bibliography  at  the  conclusion  of  the  Report .is. categorized  according  to  the 
subject  matter  of  the  various  sections  of  the  Report, 


II.  JET  FLO*  CHARACTERISTICS 

The  study  of  the  characteristics  of  the  flow  of  a  Jet  of  gas  into  a  surrounding 
medium  has  received  much  attention  since  the  sork  of  St,  Venant  and  Kantzel  In  1839. 
A  comprehensive  summary  of  these  studies  up  to  1954  is  given  by  Pai  in  P.eferecce  11. 
In  order  to  keep  the  references  in  this  Report  within  bounds,  those  listed  in  Pal's 
publication  will  net  be  repeated  here. 


*ABO,  Jnc .,  USA F Arnold  Engineering  Development  Center,  Tullchoxa,  Tennessee ,  V.S.A. 
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The  initial  structure  of  an  axisymmetric  jet  consists  of  a  core  surrounded  fey  an  . 
annular  Mixing  region.  Farther  doonstreaa,  the  entire  Jet  is  a  mixing  region. 

Theories  to  predict  this  je£  structure  have  been  developed  under  the  assumption  of 
either  inviscid  or  viscous  considerations. 

For  jets  in  which  the  ratio  of  the  pressure  at  the  exit  of  the  jet  nozzle  to,  the 
aabient  pressure  of  the  surrounding  medium  is  low.  inviscid  theories  based  on  the 
linearized  equations  of  fluid  flow  (Refs. 12  to  IS)  are"  used  to  describe  the  jet 
characteristics*  Since  these  derivations  are  hot  applicable  at  high  exit  to  aabient, 
pressure  ratios,  resort  is  -cade  to  the  method  of  characteristics  (P.efs.2Q  to  23)  or- 
to  approximate  solutions  based  on  various  assusptions  (Refs. 24  to  29). 

Although  the  inviscid  theories  have  been  fairly  successful  in  predicting  the  jet  * 
structure  immediately  downstream  of  the. jet  exit*  resort  must  be  made  to  viscous 
theories  (Refs. 30  to  37)  to  obtain  Jet  characteristics  further  downstream,  la  these 
cases,  the  fluid  flow  equations  based  on  the  boundary  layer  approximations  are  used 
assuming  either  laminar  dr  turbulent  mixing. 

Various  experimental  studies  (F.efs.38  to  45)  have  also  been  made  to  determine  the; 
structure  of  jets  and  to  serve- as  a  check  on  the  validity  of  the  theoretical  analyses.  . 
From  both  the  analytical  and  experimental  studies  of  gas-jets,  the  following  infdnji- 
tion  is  derived. 


1.  JETS  EXHAUSTING  INTO  A  J5EDIUH  AT  REST 

A  sketch" of  the  generalized  flow  pattern  of  an  linder-expanded  (over-pressured) 
axisjiraetric  jet  exhausting  into  a  medium  at- rest  Is  shown  below: 


As  the  jet  emerges  from  the  nozzle,  it  expands  to  the  pressure  of  the  surrounding 
medium  at  the  jet  boundary.  The  condition  of  constant  pressure  at  the  boundary  causes 
the  curvature  of  the  boundary  to  tend  back  toward  the  axis  of  the  ilow.  The  jet  shock 
is  formed  by  the  coaiescw.se  of  the  compression  waves  required  to  turn  the  flew  at  the 
boundary.  For  a  slightly  ueder-expanaed  Jet,  the  jet  shocks  meet  to  fora  a  shock 
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diamond.  However,  as .  the.  nozzle  pressure  ratio  is- increased,  a  Mach  reflection  . 
occurs  in  the  jet  forcing  a  Mach  or  shock  disc.  A  reflection  of  thejet  shock  occurs 
in  either  case,  and  the -pattern  is  repeated  at  the  intersection  of  the  reflected  shock 
and  the  jet  boundary.  . 


The  study  of  the  jet  structure  thus. involves- the  prediction  of  the  above  pattern 
as  influenced  by  the  various  variables  such  as  the  nozzle  pressure  ratio,  jet:  Mach 
number,  ratio  of  specific  heats  of  the  jet.  ar.d  so  forth.  Near  tha.rexlt  ofilhe 
nozzle,  the  effects  of  viscosity  are  small  and  inviscid  theories  describe  .ithe-flow 
reasonably  well.  However,  further  dow.streaa  from  the  exit  the  nixing  region  /between 
the  jet  and  free  stream  predominates  and  viscous  theories  are  required. 


1.1  Initial. Inclination  of  the  Jet  Boundary 


In  exhausting  from  the  pressure  at  the  exit  of  the  nozzle,  pj  ,  to  a  iower 'ambient 
pressure,  pQ  .  the  jet  will  initially  undergo  a  two-dimensional  expansion  a|-  the  . 
nozzle,  lip.  "This  expansion  is  governed  by  the  Prandtl -Meyer  equations.  In. expanding; 
from,  a  Mach  number  of  1.6  to  a  higher  Mach  number,  y,  .  the  relationship  between  the 
turning  angle  v  and  M  is  given  by 


-  arctan  ,  '/3  -  arctan  fi  . 

fr-i  Vr  +  i  . 


The  angle  required  for  expansion  from  some  initial  supersonic  Mach  number,  Mj  ,  to 
some  higher  Mach  number,  S2  ,  is  sicply  the  difference  in  the  values  of  v  at  the 
.two  Mach  numbers,  i.e. 


Ai/  .=  i/j  i.  i/j  . 


The  ratio  of  the  final  to  initial  static  pressures  is  given  by 


ll  -  ft-t-grijjj;  1 

?j  “  [2  +  <7-1  )M[ 


For  a  jet  exhausting  into  a  medium  at  rest,  the  jet  exit  conditions  (denoted  by  the 
subscript  j)  become  the  conditions  before  the  expansion  (subscript  1)  and- the  free¬ 
st  re  s-n  pressure-  px  is  the  pressure  after  the  expansion,  p.  .  For  values  of  7j 
equal  to  1.6S7,  1.38.  1.25  end  1.133.  an  explicit  relationship  for  Av  in  terns  of 
and  Pj/pc  can  be  determined.  For  these  values  of  7j  .  Equations  (II-l)  and 
(II-3)  reduce  to  the  following: 


For  7j  =  5/3  =  1.667- 


tanv  = 


4  +  3<3z 


uaum**  u% 


UVi-Tw  t/W  WV  l'-V  tJV.l 


Ic  teras  of  ?3j  and  Pj/pa  ,  Equations  fII-4>  and  fII-5)  can  be.  combined  to  give  . 

f— ^  (P?  +  4)  -  4}  ‘  (35?  +  4)  -  sf—i  ^  fiS?  +  4)5?  +  8,5? 

l\V  .■■  ■■■■.  J  J...  „  W  J  J  J  . 

/pA0**  _i/s  A.  \»*» 

.  ( ^ J  (5j.+  4>-4  ■  pt]+3MJ  03j  4  4K35J  +  4)  ->8(34]  +  4)  . 


tan  Av  = 


For  7j  =  29/21  =  1.38 


tani/  = 


,  (ffl  -1.2S4)(6.r.5  +j3?)'*_+  3.1255  +  6.53* 

(6.25-+  4P*)<6."25  +  p*A  +■  11.25P*  ♦  15.625  -  >3*  . 


5£  =  ^|ij  <5j  +  6.25)  -  6.25  . 


fH-6) 


(II-7)- 


(11*8); 


For  yj  =  5/4  =  1.25 
tmv  =  ■ 


85s 


27  +  .18(5*  -  p* 


^  (5J  +  9)  -  9 

For  =  17/15  =1.133 


(ii-9) 


(11-10) 


tanv  = 


256  +  1603*  -  155* 


(11-11) 


pi 


+  16)  -  16  . 


(11-12). 


Curves  shoring  the  effects  of  jet  Mach  number,  ,  and  pressure  ratio,  Pj/P®  . 
on  the  turning  angle  of  the  jet  flow.  Av ,  for  the  above’ values  of  }j  .  are  presented 
in  Figures  1  and  2. 

The  limiting  values  of  Av  which  represent  the  turning  angles  then  exhausting  into 
a  vacuum  are  shown  in  Fig1- re  3.  Tr.es e  valuer,  of  Av  are  approached  when  considering 
problems  associated  with  the  exploration  of  space  (see  Bef.45  for  example). 

In  addition  to  the  parameters  sectioned  above  (i.e.,  Pj/Pm,  7,  and  M,),  th’e  initial 
inclination  angle  of  the  jet.  Sj  ,  also  depends  on  the  nozzle  exit  angle  and  i* 
given  by: 


iiUjnxuLiiitay.'it.  iOMtli  mt  wwiWi  riM»v  nyfe '  A.  1 1 


,AA£^Lft£inn tAnAAAftft/VAAACUVxJV.j/U  y^\r«  iA  if^'uVl-’Via  uv 
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SJ  =.  *„  +  Av 
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thus  a  fourth  parameter  is  available  and  often  used  to  obtain  catchec  conditions 
of  the  initial  inclination  angle  of  a- jet* 


•  For.  ssail  values  of  the  angle,  Av  .  the  ratio. of  the  free  stream  static  pressure 
and  the  jet  exit  static  pressure  can  be  expressed  by  the  following  series:. 


2 3j  [_.  6 


l!?  -^S= 


Li  v*  -M  j 


f  <7j  +  i)Hj  -  2a|  +|j(Av>» 


+ 


(11-14) 


1.2  Jet  Boundary  Shapes 


The  shape  of  the  jet  boundary  for  the  first  few  diameters  dowhstreanrofthe  nosale 
exit  can  be  assuaed  to  be  affected  only  slightly  by  viscous  effects  ahd  theref6re>can 
be  detercined  by  inviscid. solutions.  The  method  of  characteristics  is -tous . gwiefeily 
used  as  an  'exact'  solution  for  the  jet  boundary  ana  various  approx isstevt<&>Qiqces 
are  employed  to  duplicate  the  characteristic  solution. 


Approximately  3C0D  boundaries  determined  by  the  cethod-  of  characteristics  over  the 
range  of  the  parameters  used  in  the  previous  discussirh  of  initial  angles  are 
presented  in  Reference  20.  A  few  of  these  arc  reproduced  in  Figures  5,  6 -sad  7  in 
order  to  show  the  effects  of  the  parameters. 


It  was  shown  in  Reference  20  that  a  circular  arc  of  constant  radius,  R^  .  provides 
an  adequate  approximation  to  the  jet  boundary  up  to  the  point  of  caxicua  diaseter 
provided  this  point  can  be  determined  in  advance,  iitsever,  ho  suitable  method  idr 
accurately  predicting  the  maxicua  jet  diameter  and  its  location  has  as  yet  been 
determined. 


The  results  of  a  spreadirg  study  of  an  air  jet  at  high  altitudes  reported  io 
Reference  27  indicate  that  an  approximate  location  of  the  jet  boundary  ©eh  be  obtained 
by  the  fol  lowing  technique,  tilth  reference  to  the  sketch  overleaf,  after  determining 
the  initial  inclination  angle  of  the  jet  iron  Equation  (11-13).  a  line  is  constructed 


perpendicular  to  this  tangent  to  the  jet  boundary.  The  boundary  radius,  R.  ,  for 


7j  -  1.4  is  detercined  free  the  following  equation: 


15.* 


vs?  vlI  . 


01-15) 


The  pressure  ratio  range  for  which  Equation  (11-14)  is  applicable  can  be  deduced  fro* 
the  curves  of  Figure  4.  The  curves  labeled  1st,  2nd  and  3rd  are  obtainSdiby  retaining 
the  corresponding  .teriss. of  the  equation.  •  ’. 


E&3  Vi*  l  >  t  1.1 


Interceptin'}  Shock 

Boundary 


This  radius  is  located  along  the  perpendicular  and  the  jet  boundary  is  drawn  as  a 
circular  arc.  Assuming  that  the  radius  ratio  is  proportional  to  a,/Uj  for 
ether  than  1.4,  R*,  for  other  7j  can  be  obtained  by  using  the  y,  ~  1.4  radius 

ratio-  as  a  reference  value  at  a  particular  V..  and  substituting  into  the  following 
equation  (see  Eqh.(i9)  in  P.ef.27): 


*b  ^  /Rb\  [fy _+!)« ._+  «j> 

rJ  ’  +  6(73  -  l)ilj  * 


(n-ie> 


Other  approximate  techniques  for  calculating  the  Jet  boundary  exhausting  into  a  icediua 
at  rest  are  summarized  In  Reference  28. 


1.3  Intercepting  Shock  Boundary 

The  jet  boundary  calculations  in  Reference  20  by  the  method  of  characteristics  also 
defined  the  Jet  or  intercepting  shoe!-:  boundary  within  the  jet  boundary.  71; is  boundary 
(see  previous  sketch)  is  initially  tangential  to  the  final  Kach  line  of  the  expansion  fan 
end  Is  then  forced  by  the  reflection  of  the  expansion  lea  eaves  fres  the  Jet  boundary. 

In  Reference  23  a  circular  arc  epproxinatioa  for  the  intercepting  shock  (see  sketch) 
is  given  with  the  radius  of  curvature  given  by 


•here 


Thus,  again  If  a  aethod  of  determining  Rjj  is  available,  an  approximation  to  the  jet 
shock  boundary  can  be  obtained  readily. 


1.4  Pricaty  »»veleugtb  of  the  jet 

Many  investigators  have  atteeptedto  derive  an  analytical  expression  for-  .the  primary 
wavelength  of  a  jet.  Lj  ,  that  is.  the  length  of  the  first  periodic  jet  structure. 

■For  values  of  p,/ptt  <  2  the  equation  given  by  Pack14  which  is  based  on  linear  theory 
applies  satisfactorily.,  i.e. 


For  higher  pressure  ratios,  purely  analytical  determinations  of  the  wavelength  have, 
heen  unsuccessful.  In  Reference  20  an  empirically  determined  equation  for  the  privity 
wavelength  is  given  by 


-  0.55(9,  +  0.5  (h  -2\0  i 
3  1.55  \pa  P 

J  4 


:  (ii-i9) 


inis  equation  was  derived  fron  a  large  amount  of  experinental  data  obtained  with  high 
pressure  air  jets  expanding. into  still  air  at  atmospheric  pressure  or  lower  with 
Pj/p=  >  2  .  It  n&s  shorn  in  Reference  20  that  the  jet, nozzle  exit  angle,  6^  ,  had 
little  effect  cn  the  pricafy  wavelength. 


1.5  Distance  to  the  First  Kacb  Disc 

A  nethod  for  calculating  the  distance  fron  the  nozzle  exit  to  the  first  Hash  disc, 
U.d  .  has  been  given  in  Reference  25.  The  assumption  Is  cede  that  the  stati-  pressure 
immediately  doanstrees  of  the  i-ach  disc  or  normal  shock  is  equal  to  the  ambient 
pressure  of  the  surroundings,  pa  .  Thus  if  the  centerline  Kacfc  number  and  pressure 
distribution,  which  are  identical  up  to  the  shock  for  any  fixed  nozzle,  are  known,  the 
shock  position  can  be  cocpated. 


1.6  let  Rising  Region 

A  qualitative  picture  of  the  nixing  regions  of  the  jet  exhaust  can  be  obtained  by 
referring  to  the  sketch  overleaf.  Immediately  downstream  of  the  nozzle,  an  annular 
fixing  region,  1  ,  surrounds  a  core  of  potential  flow.  Region  III  consists  of  an 
entirely  turbulent  nixing  zone  In  which  the  velocity  profiles  across  the  jet  are 
similar.  Region  II  in  turn  represents  a  transition  zone  between  the  conditions  at  I 
end  III. 
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A  aean  velocity  distribution  of  the  flow  in  the  nixing  zorie  of  Region  III  cab  be 
obtained  by  using  an  error  function  as  the  velocity  profile.  Ibis  is  given  by 


u  if  /  r\ 

—  =  —  1  +  erflcr  — ) 

“j  2L  '  Is/. 


(11-20) 


•here  i*j  =  the  jet  free  s trees  velocity 
sr  =• spreading  rate  paraaeter 


erf 


f  3  -  * 


To  account  Tor  the  compressibility  of  the  jet  fluid.  Tripp  has  suggested  the  following 
relationship  for  the  spreading  rate  paraaeter: 


or  -  12  +  2.758M, 


(11-21) 


The  value  of  a  -  12  has  bees  established  for  the  cese  of  incompressible  flow.  An 
evaluation  of  the  spreading  fate  paraaeter  is  presented  in  Reference  30  (see  Fig.  8) 
in  which  Tripp’s  relationship  is  shown  to  underestimate  the  value  of  tr  above 
lij  =  1.3  and  overestimate  the  value  of  the  parameter  below  this  Bacb  number. 


1.1  jet  Noise 


^ith  the  increased  use  of  jet  aircraft,  each  core  attention  is  being  focused  on  the 
problem  of  jet  noise  (see  Refs. 9  and  10).  The  total  radiated  acoustic  power  of  a  sub* 
sonic  jet  has  been  shown  to  correlate  with  the  Lighthill  parameter,  that  is 


(11-22) 


An  example  of  such  correlation  is  presented  in  Figure  S.  These  results  shoviug  the 
sound  power  produced  by  a  subsonic  jet  exhausting  into  a  eediua  at  rest  at  various 
jet  temperatures  sere  obtained  from  Reference  41. 


As  a  first  aparoxismtion.  the  flow  pettera  in  the  vicinity  of  a  blunt-based  body  - 
ia  a  covins  stress  can  be  considered  as  a  ooobisation  of  a  sharp" base  Jet  exhausting 
into  a  tcdiun  at  rest  end  a  coving  strew.  Cp  to  a  streamline  separating  the  aovihg 
stream  free  the  quiescent  nedius  in  the  base  region,  the  flcr  pattern  is  sinllar  to 
that  of  a  jet  exhausting  into  the  oediixx  at  rest.  Beyond  this  streamline  the  external 
flow  experiences  an  exit  shoe's  resulting  in  a  flow  pattern  as  described  above.  The 
pressure  at  the  base  of  the  need  is  of  course  dependent  upon  the  Jet  end  free-streaa'- 
conditions  and  should  be  determined  by  the  methods  outlined  ia  Reference  5  when  ah 
accurate  representation  of  the  flow  pattern  is  desired. 


2:1  Initial  Inclination  of  the  Jet  Boundary 


Conditions  tt  the  jet  boundary  ieaediately  downstream  of  the  nozzle  exit  are 
depicted  in  the  following  sketch: 


+  Aw 
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Conditions  in  the  jet  or  expensive  flow  are  still  .governed  by  Sections  (II-l).  (11-2) 
end  (II-3).  Tor  the  external  or  compressive  flow,  conditions  ere  governed  by  the 
following  equation:  .  . 


tan  5.  = 


(r->) 

2yj!.l  -  cyc  -  l)  -  Oi,  +  i)  — 

\P=>  7 

P(S 

r=s i 
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• 

^  PfiB  __ 
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which  for  ym  =  7/5  =  1.4'  reduces  to' 


/o.  \  _  f  P,  \ 

, .  v:-1)  . 

-  /—  -  A  (6  — *l)  . 

\P»  /[_  \P=  /  J 


(11-24) 


"hen  6.  -  £,  =  0  then  and  Sj  rust  be  equal  and  the  conditions  existing  at  the 
oztle  exit  are  obtained  by  equating,  for  example.  Equations  (II-6)  and  (11-24). 


nozuie  exit 
Such,  soluti 


have  been  obtained  for  various  Jet  conditions  exhausting  into  e  stress 


nunbers  greater  than  1.0  with  ya  -  1.4  .  and 


=  0  .  The  results 


m 


shoeing  the  effects  ef  the  various  Jet  sad  free  stress  conditions  tre  shown  in 
Figures  iO;  II  end  12. 


For  sccll  values  of  the  angle,  3j  .  the  ratio  of  the  pressures  across  the  shock 
•in  the  external  lie*  is  given  fcy 


—  =  1 
A»  Aa 


(11-25) 


(11-26) 


To  the  first  order  (see  Eqn. (11-14)).  conditions  in  the  expensive  flow  are  related 
to  ti>  by  the  expression 


(11-27) 


Ecuatlng  the  expressions  for  3.  end  tz/  gives  the  following  relationship  for  the 
conditions  existin',  at  the-  nozzle  exit. 


-  •  ,  ai-28, 

pj  -Pa  Pj?j7y^ 

2.2  Jel  HosnSaty  Stapes 

As  in  the  case  of  a  jet  expanding  into  z  quiescent  sediun,  the  cethod  of  character¬ 
istics  can  he  used  to  determine  the  boundaries  for  a  jet  exhausting  into  a  stress 
coving  with  H_.  >  1  .  For  a  jet  expending  into  a  caring  stress,  conditions  at  the 
boundary  cer.nct  be  considered  under  a  constant  pressure  but  cost  he  detcrcined  by  the 
interaction  of  the  jot  arc  external  strerx.  if  the  stress:  floe  is  hypersonic,  the 
Newtonian  typroxicstien  can  be  used  to  dstemire  the  jet  boundary  pressure.  This 
condition  is  represented  by 


-=■  =  '/<J4  sia}Sb  +  1  . 

?3 


(11-23) 


The  results  of  calculations  of  jet  boundaries  using  the  eethed  cf  characteristics  for 
the  jet  flea  and  ti.e  above  boundary  conditions  are  presented  in  Reference  21. 
Representative  boundaries  obtained  fro:  this  Report  arc  reproduced  in  Figure  13. 


An  nppmxixatc  technique  espicyia.':  ibis  sons  boundary  ccsdilios  is  pranented  In 


Eefartr.ee 


In  this  ecthsd. 


*  i- 


:c  theory  in  conjunctitn  oith 


Ncvtcnicn  theory  is  assn  to  define  the  jet  structure.  A  conparstive  boundary  with 
that  obtained  hr  the  cetbod  of  characteristics  is  sacra  ss  the  cashed  curve  in 
FI  rare  13. 


The  jet  boundaries  calculated  by  each  cf  the  ebeve  ettbeds  represent  the  dividing 
streaniirtS  tctvsan  the  jet  and  the  external  sire  an.  Ccrmriscn  rich  arporinjotal  • 
boundaries,  «it*>  are  rids  cixitp  repienr  nr?  sham  by  tir  schlicrcn  photograph  In 
First*  It  fttaiued  fras  inference  23.  is  tber-'fcro  rather  cifficsit.  In  c-raar  to 
obtain  a  f~'-*s  se'r.rrf;,!  cwrxrisat.  the  jet  r’ua-:  tacudary  cut  ha  cau-uted  fret:  the 
jet  bcundt “¥  hr  a  rethcJ  certain*?  in  Reference  2S.  Tre  cubed  consists  cf  detexaiaia* 
the  lots!  i‘~-ah  line  at  each  calculated  b-urd&ry  point  far  the  jet  Hot.  The 
cuElsscesrs  cf  these  Sdrah  lines  specifier.  the  sheet  location.  Tre  results  cf  such 
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an  analysis  as  obtained  froa  3efe rencc  2S  are  shown  is  Figure  151  Use  flow  field  Is 
represented  by  the  photograph  and  jet  boundary  shown  in  Figure  14..  As  is  apparent 
fitsa  the  plot,  a  close  approxication  between  the  calculated  and  experimental  jet 
shock  is  obtained. 


2.3  Jet  fixing  Region 


Tor  the  case  of  a  jet  exhausting  into  a  sowing  stress,  the  velocity  profile  in  the 
aixing  zone  corresponding  to  Equation  (11-19)  can  be  approximated  by. 


2  |\  »j.*V  WJ 


(11-30) 


where 


the  jet  free  stress  velocity 


u~,  =  free  stress  velocity  of  the  soring  stream, 
the  value  of  '  e  suggested  by  Golikst  is  given  by 


cr  - 
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•w  2.758V. 
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where 


uj  >“» 


2.4  Jet  9»d  Reflection 


Cn  the  basis  of  linearized  theory,  the  following  parameter  was  derived  in  Reference 
17  to.  indicate  the  strength  of  the  transmitted  shock  (see  sketch  on  p.9): 


*V  n  V*P 

-  7Jpj*r« 


(11-32) 


the  Jet  shock  is  not  reflected  at  the  jet  boundary  and  no  periodic 


khen  k  =  1 

behavior  of  the  jet  is  noticeable.  hhen  the  ratio  increases  or  decreases  from  unity  a 
reflected  save  of  increasing  acini  tude  occurs.  For  k  >  j  .  the  boundary  exhibits  a 
periodic  behavior. 


A  siniltr  parameter  is  derived  in  Reference  19  and  is  discussed  in  Reference  20  as 
the  Kawasura  parameter  given  by 


.  _  1  ,  .0 

A  -  -  sin;*  cos*  =  -^ 


(11-33) 


The  difference  in  the  value  of  this  parameter  between  the  jet  and  free  stream  flows 
determines  the  character  of  the  jet  shock  reflection.  If  A.  is  larger  than  A^ 

(where  the  values  of  the  psreneter  ere  the  local  values  at  ine  interface)  a  compression 


wave  reflects  as  a  compression  wsxe,  mile  if  X_  is  larger  than  A,  a  compression 


wave  reflects  as  «s  expansion  wave. 
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III.  SCALING  P-AgAHETERS 


In  ground  test  facilities,  it  is  meny  tines  necessary  or  no re  convenient  to  per- 
tors  jet  tests  *ith  test  fluids  of  different  composition  end  with  test  sodels  of 
different  size  frcn  tivrse  of  the  actual  vehicle.  Thus,  it  becomes  necessary  to  deteiain^ 
scaling  parameters  for  which  the  results  obtained  with  the  test  as  del  are  sicilar  to 
those  of  the  full  scale  vehicle. 


The  equations  governing  the  behavior  of  the  interacting  jet  and  free  stress  flows 
are  at  best  very  approximate.  Thus,  the  use  of  these  equations  in  derivisgsiiilaritj 
parameters  is  United-  A  dimensional  analysis  of  all  of  the  variables  involved  (see 
Ref. 2)  leads  to  a  host  of  para-wUrs  of  which  stay  are  relatively  unimportant.  In 
what  follows,  therefore,  -inly  those  scaling  parameters,  or  oore  accurately  etpiivaleace  5 
relationships,  are  4tacussed  which  have  seen  show  or  intuitively  appear  to  be  ieportant 
in  the  simlal  ten  of  jet  exhausts.  .  *  ? 


In  ary  given  problta.  only  certain  seal  ins  parameters  are  important.  Forexazple. 
shea  detersir.ins  the  effects  of  a  Jet  exhaust  cn  base  pressure,  the  parameters 
governing  the  shape  cf  the  initial  portion  of  the  Jet  are  nare  Important  than  those 
governing  the  jet  shape  far  downstreams.  Thus,  an  evaluation  east  be  esde  of  thfc 
objectives  of  each  specific  test  in  order  to  determine  the  extent  of  simulation 
required. 


~3.  JET  SOt'bDAHV  SntttATIO* 


In  Reference  20  it  was  shown  that,  in  order  to  obtain  jet  bounder/  sisulaticn,  the 
initial  inclination  was  the  tost  important  property  that  aust  be  duplicated-  Simla- 
ticn  cf  the  initial  portion  cf  the  jet  boundary  would  be  important  is  studies  to 
determine  base  pressure,  base  heating,  or  the  effects  of  the  exit  shock  cn  adjacent 
surfaces  or  jets.  .  • 


For  small  turning  angles,  similarity  parameters  which  provide  the 'sane  flow  turning 
angle  for  the  node!  and  full  scale  tests  can  be  obtained  starting  with  Equation  {II-H>. 
If  a  free  choice  of  any  of  the  three  rarisbles  is  allowed,  then  the  first  order,  tew 
of  Equation  (11-14)  indicates  that  the  following  relationship  between  the  eodel  end  :j 
full  scale  tests  must  be  satisfied  to  provide  identical  flow  turning  angles,  tet  z 
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If  it  is  assured  as  in  reference  •*,$  that  the  jet  Each  nether  of  the  rodel,  *. 


J! 


is  the  ssae  as  the  jet  Each  number  of  the  full  scale  vehicle,  ajx  *  then  the  folloviss 
relationship  is  obtained; 
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If  Instead.  It  Is  assayed  that  the  facie  of  the  static  pressure  at  the  sor,zle  exit 
to  the  free  streaa  static  pressure  is  the  sure.for  the  cede!  find  full  scale  tests, 
tit  similarity  parcaeter  bec&aes 


{ill-3) 


In  Reference  47.  this  ssse  siaiJarity  parameter  was  obtained  by  startin'*  with  the 
requirement  that  the  static  pressure  ciar.se  caused  by  a  change  in  flo«  direction  la 
the  jet  end  external  flow  crust  be  the  ssee  for  the  model  and  lull  scale  tests,  that 
is  . 


(III-4) 


It  was  farther  postulated  that  since  is  normally  the  sace  for  aodel  and  foil 
scale  tests.  H,  should  also  be  duplicated.  Since  ->j  is.  honevef.  usually  different 
betveen  easel  and  full  scales  M,  of  thi?  asodel  would  he  adjusted  cccordlnr  10 
Equation  (III-3)  to  satisfy  the"* above  rct.uirtuer.ts.  that  is  • 

*?  *  22X^2  V1...  {iU^5) 

lm  *j.*f  Jf 

The  extent  to  which  the  constant  Jet  2acb  r.unber  and  the  constant  jet  pressure 
ratio  similarity  parameters  duplicate  the  initial  inclination  tr.gle  of  the  jet  can  be  . 
seen  in  Figures  1C  tad  17  respectively,  the  values  of-  the  jet  angle  for  the  constant 
jet  Xach  number  parsueler  are  sheen  for  both  e  low  {3.72.<  p,/p0  <  5.C>  nnd  high 
(3E.4  <  Pj/p-5  <  53.0)  jet  pressure  ratio.  As  is  readily  apparent,  the  similarity 
parameter  based  cn  a  constant  jet  pressure  ratio  gives  core  nearly  equal  values  of 
the  jet  angle  than  that  using  a  constant  jet  Hech  n usher. 


For  the  case  of  z  jet  exhausting  Into  a  moving  sircar,  a  similarity  paraacter  can 
te  obtained  by  starting  with  Equities  {II-2S1.  If  the  ratios  cf  the  static  pressure* 
for  the  codel  tad  full  scale  tests  are  duplicated  the  follcsing  similarity  paiiaeter 
is  obtained: 


C  HI-*) 


Furthermore,  if  the  free  stress  conditions  end  H_  for  the  tafiel  tests  are 
identical  to  those  ir.  free  flight  {which  is  usually  the  case;,  the  similarity  parameter 
reduces  to  that  given  by  Equation  (111-35  fog  c  jet  exhausting  into  a  quiescent  cedlw. 


4.  JET  SHOCK  SIKSLSTIOT 

Tn  soce  casus  it  is  necessary  to  duplicate  the  structure  and  strength  cf  the  shock 
and  expansion  eaves  is  the  flee  field  beyccd  the  intersection  of  the  jet  shed:  with 
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the  Jet  boundary.  Such  simulation  quires  the  duplication  of  the  paraaeter  given  in 
Equation  (11-32).  The  simulation  parameter  thus  obtained  is  .given  by:- 


bjTjM’4 


PjTj^ 


dii-7) 


Using  the  assumption  that  the  free  strew*  conditions  for  %,  and  for.  the  model 
tests  are  identical  to  those  in  flight,  the  parameter-  reduces  to 


gjM]  =  fog' 

Poo  p4  Pe>*-4 
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•  If  the  assumption  is  also  made  that  the  model  and  full  scale  static  pressure  ratio  is 
matched, this  parameter  also  reduces  to  that  given  by  Equation  (III-3)  or  that  given 
by  the  Kavamura  parameter,"  Equation  (11-33). 


5.  SIXUtATl.ON  OF  JET  Fl.Ot!  PABAXETEBS 


In  this  section  relationships  are  defined  which  govern  the  simulation  of  the  various 
jet  flow  parameters  (see  P.ef.43).  The  expressions  are  derived  by  relating:  the  jet 
flow  parameters  to  similar  free  stream  parameters. 


5. 1  Jet  .Mass  Flow 


The  simulation  parameter  for  the  nass  flow  characteristics  is  obtained  by  relating 
the  jet  mass  flow  to  a  representative  free  stream  eass  flow.  In  equation  fohn, 


(PuA)j  _  PjMjT/Om^j 
(P“A)«  p« 


dii-9) 


The  resulting  sinilarity  parameter  is  therefore 


(111-10) 


In  addition  to  the  parameters  involved  in  the  simulation  of  the  jet  boundary  and  jet 
shoe*,  a  requirement  that  (RT)j  of  the  model  be  related  to  that  of  the  full  scale  ' 
engine  is  obtained. 


3.2  Jet  Kinetic  Energy 


Duplication  of  the  kinetic  energy  per  unit  mass  is  obtained  by  simulation  of  the 
velocity  ratio  of  the  Jet  and  free  streams.  In  equation  fora, 
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5.6  Jet  Thrust 


The  relationship  tor  the  siaulation  of  the  .jet  thrust  is  obtained  hr  starting  with 
the  Jet  thrust  coefficient  defined  by 


<V  * 


<UA» 


(III-20) 


where  the  thrust  is  given  by 


Pj  .  =  (Ou*A)j  +  (pj  -  pa)Aj 


{11 1-21) 


The  simulation  parameter  thus  obtained  is  given  by 
f 


Aj  pj  '  Aj  P<  1 

rj®is" f  v!>  -  *J . 5 '  m&y  *  w  -  ‘J 


(IH-22) 


6.  BASE  HEATING  SIMULATION  PARAMETERS 


Uuch  experimental  and  some’  theoretical  work  has  been  done  recently  on  the  problems 
associated  with  the  base  heatipg  of  rocket-powered  models*  A  general  discussion  of 
the  icportant  siculatlon  parameters  is  presented  in  reference  49.  In  addition  to 
those  parameters  already  discussed  were  the  Jet  er.issivity,  Jet-to-base  fora  factor, 
engine  efficiency,  nozzle  wall  cooling  effects,  fuel  distribution  pattern;,,  flame  speed 
and  ignition  delay  characteristics  of  the  entrained  fuel  and  other  associated  properties. 


Similarity  parameters  concerning  the  base  flow  patterns  are  derived  in-  Reference 
47.  The  resulting  relationships  are  referred  to  as  an  excess  pumping  cess  parameter 


AvJ  _  ^J 
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and  a  Jet  boundary  streealine  total  pressure  head  parameter 

Pt(rj)  P(rj)[u(rj)3* 

«• 


(111-24) 


where  rj  refers  to  the  sl-reanline  within  which  the  mass  flow  is  equal  to  the  jet 


cess  flow  and  the  velocity  and  density  profiles  are  defined  by  sose  distribution  such 
as  that  given  by  Equation  (11-20). 


7.  JET  SUING  SIMULATION 


Very  little  work  has  beer,  done  in  the  derivation  of  simulation  parameters  for  the 
sixing  processes  along  the  jet  boundary.  These  -processes  are  governed  by  tba 
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viscosities,  moe-entums.  and  best  transfer,  rates  of  the-  local  elements  of  the  flow  at 
the  jet  boundary,  it  would  appear  therefore  that  simulation  of  the  mixing  processes 
would  be  governed  by- the  degree  of  simulation  of  the  Jet  flow  paraaeters- discussed 
in  Section  111-5. 


6.  JET  NOISE  SIMULATION 


The  simulation  parameter  for  the  noise  generated  in  the  far  field  of  a  subsonic 
jet  and  a  portion  of-  the  supersonic  Jet  can  be  derived  from  Equation  (11-22).  The 
following  parameter  is  obtained  for  the  correlation  of  sound  power: 


Mj 


2$«j  <OT)j 
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For  matched  conditions  of  the  free  stream  conditions  the  parameter  reduces  to 

(A^ajtsr)^  =  .  (ni-26) 


Thus,  under  these  conditions  the  Jet  sound  power  is  proportional  to  the  jet  kinetic- 
energy. 


A  summary  of  the  scaling  parameters  discussed  in  the  preceding  paragraphs  is 
presented  in  Table  I.  An  examination  of  the  general  simulation  parameters  for  the 
various  jet  characteristics  reveals  that  the  pressure  ratio  function  varies  appreciably 
among  the  relationships.  It  would  appear  therefore  that  a  matching  Of  this  parameter 
between  model  and  full  scale  tests  is  essential  for  good  siculetion.  As  pointed  out' 


previously,  the  free  stream  conditions  of  y0  end  for  the  full  scale  article  can 


be  duplicated  with  relative  ease  for  a  model'  in  ground  test  facilities.  If  it  i# 
further  assumed  that  the  other  free  stream  conditions  are  matched.,  the  simulation 
parameters  reduce  to  those  shown  in  the -second  column  -of  Table  1.  Under  these  condi¬ 


tions.  besides  astchins  the'  initial  inclination  angle  of  the  jet  exhaust,  $. 


simulation  of  the  parameters  '/pjAj  and  (P.T)j  between  model  and  full  scale 

tests  appears  desirable. 


As  mentioned  in  the  introduction  to  this  section,  a  complete  simulation  of  all  of 
the  parameters  listed  in  Table  I  is  not  required  for  all  Jet  tests.  In  the  following 
sections,  the  jet  effects  ere  separated  into  exit  effects  and  downstream  effects. 
Conditions  at  the  base  of  the  model  vcula  appear  to  depend  primarily  upon  the  initial 
shape  of  the  jet  at  the  hozsle  exit.  Thus  duplication  of  the  initial  inclination 


angle  of  the  jet.  !>j  ,  would  suffice  for  base  pressure  studies.  In  addition,  for 


base  heating  (temperature)  studies,  duplication  of  the  jet  temperature  would  be 
required.  In  studies  in  which  model  surfaces  are  located  within  or  near  to  the  Jet 
stream  duplication  of  the  Jet  flow  properties  would  have  to  be  considered.  Thus  a 
thorough  examination  of  the  test  objectives  is  required  in  order  to  specify  which 
simulation  paraaeters  Bust  be  duplicated. 


IV.  METHODS  OF  JET  SIMULATION 


Various  cethods  are  in  use  tor  the  experiaental  sisulafcion  of  an  exhaust  jet  la  ■ 
ground  test  facilities.  These  vary  in  coEplexity  froa  the  use- of  sir-pie  cold  gas  jets 
to  an  alaost  exact  duplication  of  the  full  scale  jet.  The  degree  of  siailitude  used  or 
required  depends  on  the  particular  problea  under  investigation.  Sate  of  the  techniques 
which  have  been  eaployed  or.  proposed  are  discussed  in  the  following  paragraphs. 

Approximate  values  for  the  properties  of  turbojet,  renjet,  and  rocket  exhausts  art 
listed  in  Table  II.  The  rasjet  properties  are  also  typical  of  »n  ufter-burniniturbojet. 
As  will  be  discussed  in  the  following  sections,  the  simulation  of. these  properties  is 
the  goal  of  the  other  media  listed  in  the  Table.  .  . 


■9.  CCLD  GAS  JETS  -  ■  - 

The  use  of  a  cold  gas  for  the  siouleticn  of  a  jet  exhaust  has  the  prieary  advantage  • 
of  relative  simplicity  inset-up  and  operation.  Cold  gases  are  particularly  appealing 
when  the  simulation  of  Jet  temperature  is  considered,  of  little  importance. 

9:1  Air 

Since  high  pressure  air  supplies  are  most  coanonly  available,  the  use  of  cold  air 
has  found  wide  application  for  Jet  studies.  As  seen  in  Table  II,  only  the  value  of 
R  is  in  the  same  range  of  the  properties  of  the  Jet  exhausts  which  *ust  be  duplicated. 

9.2  Bella* 

Cold  heliuja  has  been  used  in  esny  studies  (see  P.efs,51  to  53)  because  the  high 
value  of  its  gas  constant,  R  .  allows  for  an  eltaost  exact  simulation  of  the  value. of 
(RT)j  for  a  rarjet  or  afterburning  turbojet.  As  shown  in  Section  HI-5,  the  simula¬ 
tion  of  (ET)j  is  ieportent  for.  the  duplication  of  Jet  flow  parameters.  Tne  high  value 
of  the  ratio  of  specific  heats  for  cold  helitra,  however,  is  a  prise  disadvantage. 

9.3  Cartca  Dioxide 

The  value  of  the  ratio  of  specific  heats  of  cerbon  dioxide  cakes  its  use  attractive 
for  a  simulation  aediuc.  The  low  value  of  its  css  constant  is,  however,  a  disadvantage. 
This  eediuE  was  used  in  the  studies  reported  in  Reference  55  at  a  tt-pernture  of 
5S0°R  so  that  its  value  of  y  catched  that  of  a  hot  jet  of  burning  hydrogen  and  air 
at  26C03R. 


10.  COLO  CAS  MIXTURES 

In  the  studies  reported  in  Reference  53.,  a  cold  mixture  of  hydrogen  and  carbon 
dioxide  was  used  as  the  jet  fluid.  The  cixture  usrd  (.56  H2  and  .54  C02)  provided  a 
duplication  of  (R7)j  for  the  rasjsi  conditions  ss  did  the  use  of  helium.  The  value 
of  the  ratio  of  specific  heats  although  lower  than  that  of  the  helium  Jet.  was  still 
however  above  that  required  for  exact  sisulation. 


Hie  proportions  of  hydrogen  and  carbon  dibxide  required  to  simulate  (Kf).  for- a 
turbojet  exhaust  sere  coaptited  and  listed  in  Table  11.  For  *  rocket  exhaust  the 
value  cf  (RT)j  is  almost  identical  to  that  of  cold  hydrogen.  In  each  case,  however, 
the  value  of  7j  for  the  sieulation  fluid  is  higher  than  that  of  tha  engine  exhaust. 

In  the  study  retorted  in  Reference  55.  it  was  shown’  that  by  the  addition  of  a  third 
gas  to- hydrogen  end  carbon  dioxide  both  the  (RT),  and  y,  of  a  turbojet  exhaust  could 
be  siculated.  For  the  case  cited  in  Table  II,  ethane.  cjit.  was  used  as  the  third  gas. 
It  was  stated  in  Reference  55  that  the  upper  temperature  licit  for  which  coaplete 
siaulation  is  possible  with  a  cold  (T,  =  530°  3)  gas  cixture  is  on  the  order  of  16S0°R. 
By  heating  the  cixture  socewhat, .  siaulation  for  higher  temperatures  could  be  achieved. 


It.  HOT  6AS  JETS ■ 

The  properties  of  a  jet  exhaust  can  be  siculated  cuch  core  closely  with  a  hot 
rather  then  a  cold  gas  strean.  However,  the  complexity  in  providing  a  hot  gas  jet  ia 
increased  .considerably  over  that  of  a  cold  gas  jet. 

11.1  Hot  Air 

The  properties  of  a  hot  air  jet  at  a  teeperature  <3300°R)  corresponding  to  that  of 
a  ran  jet  or  after-burning  turbojet  exhaust  are  shown  in  Table  II.  As  a  result  of 
heating  the  air.  the  ratio  of  specific  heats  approaches  that  of  the  jet  exhaust  much 
core  closely  than  does  that,  of  a  cold  air  jet  gtvi'.r  close  simulation  of  (RT),  and 

r,  . 

11.2  Hydrogen  and  Air 

The  use  of  a  burning  aixture  of  hydrogen  and  air  was  used  in  the  studies  reported 
in  References  53  and  54  to  duplicate,  the  properties  of  an  after-burning  turbojet. 

Sir.ce  the  resulting  jet  properties  at  a  temperature  of  330Q°R  are  typical  of  those  of 
a  ramjet  or  after-humic;  turbojet,  they  were  chosen  to  represent  the  properties  of  a 
ramjet  exhaust  ia  Table  II. 

11.3  -Hydrogen  Peroxide 

The  development  of  a  hydrogen  peroxide  simulator  for  jet  exhaust  tests  is  described 
in  Reference  55,  The  characteristics  of  the-  sieuletor  exheust  using  hydrogen  peroxide 
of  30  per  cent  concentration  (10  per  cent  pure  H.O)  are  shown  in  Taule  II.  As  pointed 
out  in  Reference  53.  the  system  is  nuch  simpler  end  easier  to  operate  than  a  burning 
gas.  In  addition,  the  products  of  decomposition,  stein  and  oxygen,  are  wuch  safer  to 
handle  in  ground  test  facilities, 

11.4  turbojet  Sieaiator 

A  siaulation  device  described  in  Reference  57  uses  a  turbojet  ccabustor  for  the 
duplication  of  a  jet  exhaust.  Such  a  device,  frequently  employed,  bums  a  cixture  of 
&  hydrocarbon  fuel  and  air.  The  jet  properties  can  be  adjusted  to  closely  sisulate 
those  of  a  turbojet  or  ramjet  exhaust. 
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12.  SOCKET  KOTOS  SIKULA7M S 


In  order  to  achieve  the  duplication  of  the  high  teoperature  of  &  rocket  eshaast  'j 
(see  Table  11).  resort  ds  node  to  the  use  of  scaled  rocket  motors  for  jet  siaulatioa.  ; 
Both  solid  and  liquid  propellent  engines  are  used.  Results  are  presented  "in  Referenced 
58  therein  a  liquid  propellent  rocket  engine  operating  on  gaseous  oxygen  and  hydrogen  e] 
vus  used.  A  coobinatlon  of  liquid  oxygen  and  jet  engine  fuels  has  also  been  used  ? 
successfully.  •  ;l 


In  References  43  and  59.  turbojet  exhaust  simulators  are  described  •herein; solid- 
propellent  rocket  ootors  are  used  to  simulate  the  exhaust  jet.  The  characteristics 
of  one  of  these  rocket  motors,  a  JATD  unit,  are  shown  in  Table  II. 


A  number  of  nethods  are  ecpleyed  to  introduce  the  simulation  fluids  into  the  model. 
Tiio  cost  widely  used  method  is  to  count  the  model  froa  a  side  strut  and  use  the  Inside 
of  the  st~.:t  to  duct  the  fluids.  A  second  technique  wherein  high  pressure  air  is 
ducted  through  a  sting  support  and  discharged  in  such  a  say  as  to  duplicate  a  jet 
exhaust  is  described  in  Reference  60.  A  similar  technique  developed  for  use  for  short! 
run  tics  at  hyper velocities  is  described  in  Reference  61.  A  third  method  (see 
Kef.  62)  which  can  be  used  for  jet  studies  utilizes  a  duct  extended  through  the  wind 
tunnel  nozzle  froa  the  upstream  stilling  chamber.  The  use  of  a  strut  or  a  sting  la 
-hus  entirely  avoided.  Such  a  method  is  appealing  for  transcalc  studies  where  strut 
interference  probleas  are  especially  troublesome.  For  missile  studies,  the  duct  can 
alsd  be  used  to  simulate  the  vehicle  body. 


The  recent  Interest  in  space  exploration  has  provided  a  requirement  for  a  lop 
pressure  environment  for  an  emerging  jet  and  stimulated  the  development  of  such  test 
chambers.  Test  cells  usir.s  cryopusping  to  provide  near  vacuum  conditions  are  being 
developed  at  a  rapid  rate.  Another  r.cvel  technique  (see  P.ef. 63)  using  an  existing 
wind  tunnel  utilizes  the  low  pressure  environment  existing  dovnstrecn  of  a. blest  base 
eodel  counted  in  a  supersonic  uind  tunnel  as  the  simulated  test  chsuber. 
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V.  EXPERIMENTAL  RESULTS 


numerous  studies  (Refs. 3  to  10)  have  been  cade  to  determine  the  effects  of  a  jet 
exhaust  on  base  pressure,  stability,  drag,  interference  tvith  nearby  wings  and  control 
surfaces  cr.d  other  core  dynamic  sod  thsxrodrr.asic  phenomena  using  the  techniques 
described  in  the  preceding  section.  However,  very  few  systematic  investigations  have 
been  undertaken  to  determine  the  reliability  of  these  techniques  for  the  particular 
problems  under  study.  la  the  following  sections,  only  these  data  ere  presented  which 
indicate  the  sensitivity  of  the  jet  flov  properties  in  simulating  actual  floe  condi¬ 
tions. 


13.  i£T  EXIT  ErFECTS 


det  exit  effects  are  defined  as  those  effects  which  should  he  affected  little  by 
»ht-  nix::.;  pr-tet-s  uri  the  rtf.  re  should  be  a-rer.mil  e  to  prediction  by  inviscid  theories 


tnr  to  s’calation  by  parsnsters  derived  therefrom. 
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J3.1  Initial  Inclination  of  the  Jet  Boundary 


Prediction  of  the  iritial  inclination  of  the  Jet  boundary  by  the  cethods  described 
in  Section  II  has  been  verified  by  many  experisental  studies.  As  an  example  of  such 
verification,  values  of  the  initial  inclination  angle  of  a  sonic  jet  exhausting  into 
a  stress  of  air  moving  at  a  Kach  number  of  1.1  are  shown  in  Figure  13  as  obtained 
free  Reference  54.  In  this  investigation,  made  to  confirm  the  procedure  of  using  cold- 
gas  jets  to  siculate  a  hot  gas  stream,  air  at  520°R  and  carbon  dioxide  at  580°R 
(see  Table  II)  were  us9d  as  the  cold  jet  gases  and  a  burning  mixture  of  hydrogen  and' 
air  at  26 C03R  was  used  for  the  hot  Jet  gas.  The  investigation  was  conducted  in  the  - 
transonic  Kach  n usher  range  at  Jet  pressure  ratios  up  to  six. 


Base  Pressure 


*  Results  of  the  effect  of  a  Jet  exhaust  on  base  pressure  axe  shown  in  Figure  Mi  • 
these  results  were  obtained  froa  Reference  64  wherein  air  and  carbon  dioxide  at  540°R 
were  used  as  'the  jet  media.  The  dashed  curve  in  the  Figure  was  obtained  froa  the  cold' 
nir  f?j  =  1.4)  results  using  the  assumption  that  nozzle-  conditions  which  yield  the 
seme  value  of  the  initial  inclination  angle  of  the  jet  produce  the  sane  base  pressure. 
Similar  results  presented  in  Reference  65  show  that  this  sane  adjustment  correlates 
base  pressure  data  obtained  froa  hot  and  cold  air  Jet  tests.  . 


For  the  studies  reported  in  References  58  end  §7.  hot  and  cold  flow  ad  dels  were 
designed  based  on  the  similarity  parameter  given  by  Equation  (111-3),  Base  pressure 
measurements  in  these  Investigations  correlated  very  well  between  the  hat  and  cold 
flow  nodels. 


Exit  Shock  position 


In  References  -52  and  53,  studies  were  made  to.  determine’  to  what  extent  agreement 
was  obtained  among  various  gaseous  media  in  simulating  interference  effects  on  a 
nearby  surface.  Air,  helium,  and  a  nixture  of  .45  H,  and  .54  CO',  at  520°R  (see 
Table  II)  were  used  as  the  jet  media.  The  interference  produced  by  the  exit  shock 
of  the  jets  vss  depicted  by  its  effect  on  the  pressure  coefficients  censured  by 
pressure  orifices  on  the  surface  as  shown  in  the  following  sketch: 
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The  relative  location  of  the  shocks  and  boundaries  were  deduced  fnxi  the  pressure 
data.  A  typical  plot  shoving  the  effect  of  the  exit  shock  cc  the  pressure  orifice 
located  3.47  Jet  diameters  dovnstreaa  of  the  Jet  exit,  as  obtained  frea  Reference  54.  . 
is  siosu  la  Pi  tore  20,  fke  dashed  curve  is  obtained  fraa  the  -  1.G5  results: 
us  Its  the  assun-otios  that  nozzle  conditions  which  yield  the  saoe  value  of  the  initial 
icclinatiba  angle  of  the  jet  produce  the  sane  pressure  coefficient. 


14.  B03NSIEEA*  EFTECfS  .-V_ 

Jet  characteristics  which  would  appear-  to  be  affected  by  the  sizing  at  the  Jet 
bocrdsry  are  considered  in  the  following  paragraphs. 

X.  1  Trenail  tied  Shock  Resit loo  •  ■ 

-«i 

Li  a  earner  sicilzr  to  that  used  to  obtain  the  effects  of  the  exit  shock  (see. 
sketch  In  Section  V  -  13.3).  data  tere  also  obtained  in  References  S2  and  £2  to  deter* 
cine  .the  effects  of  the  transnitted  jet  shock..  A  typical  plot  sbosieg  the  effccts.of 
the  transmitted  shock  on  a  pressure  orifice  located  7.63  jet  disasters  downstream  of 
the  jet  exit  is  shown  in  Figure  21.  As  the  pressure  ratio  is  increased,  the  slack 
coves  freo  a  pasitioa  upstresus  to  a  position  downstresa  of  the  pressure  orifice  ' 
because  of  the  increase  in  the  Jet  prieery  wavelength.  Lj  .  with  a  resulting  decrease 
in  the  pressure  coefficient.  As.  shown  in  Table  II.  the  value  of  is  identical 
for  the  air  and  H.  +  C02  cixture,  while  the  value  of  (ST),  is  essentially  the  sacs- for 
the  fcelisa  Kid  -r  CO,  nix  tores.  Ey  correcting  the  belies  results  to  3  7,  =  1.40 
to  account  for  the  difference  irr  the  Initial  inclination  eagle  of  the  jet.  gives  good 
agrecuent  with  the  H,  +  C3.  results  for  shock  position.  Although  the  initial  ihclihar 
ticn  angles  for  the  sir  and  +-C0.  elxtura  should  he  identical,  the  difference  in 
sheer  position  is  probably  a  result  of  the  difference  In  sizing  caused  ipr  the  large 
difference  in  the  rales  cf  {RT)j  bet  seen  these  nedia. 

14.2  Treasyitteo  Saxi  Strength 

Tci  difference  in  tie  level  of  the  values  of  the  pressure  coefficient- in  Figure  21 
before  end  after-the  transitted  shock  passes  over  the  pressure  orifice  indicates  a 
difference  in  the  strength  cf  this  shock  between  the  heliua  Jet  and  the  air  and 
Hj  <■  CO.  Eixture  jets.  The  ratio  cf  these  differences  for  the  case  shoes -is  epprds* 
iBttely  proportions.!  to  the  ratio  cf  the  values  cf  the  -sirilcrity  pereseroer  given  by 
EQsaticn  (III-7).  In  the  case  of  the  heiiuc  Jet  the  reflected  shoes  (see  sketch  in 
Section  V  -  13.3)  is  cf  greater  aagnitude  than  that  of  tbs  H?  +  CC2  cad  air  j ets 
which  in  tans  reduces  the  strength  of  the  transmitted  shock. 

14.3  Tronsoitted  Shade  Angle  .  . 

the  results  of  References  51  to  54  for  free  stress  Sach  numbers  of  1. 1  to  2.02 
indicate  that  the  sajis  voice  the  transmitted  shock  cakes  eith  the  center! ins  of  the 
Jet  is  very  nearly  ecus!  to  the  Sicca  angle  based  on  the  free  stress  fees  cumber.  It 
sbosId.be  noted,  borever.  that  these  investigations  sera  United  to  jet  pressure  ratios 
less  than  10. 
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14.4  Jet  Bouodcxy  Si*?* 

the  relative  locations  of  the  j.et  boundaries  for  the  Reference  53  results  shown 
previously  (see  si etch  in  Section  V  -  13.3)  can  be  deduced  froa  the  shock  positions. 
The  K,  t  CC2  nixture  boundary  vould  be  larsest,  followed  by  the  sir  and  hellua 
boundaries  respectively.  The  fact  that  the  positions  of  both  the  jet  and  tha  trans¬ 
mitted  shed:  for  the  helium  Jet  .can  be  cade  to  a.3 ree  with  the  positions  of  these 
shocks  for  fee  h2  -r  CO,  r.ixcure  by  correcting  for  the  difference  in  the  initial  - 
inclination  angle  of  the  jets,  indicates  that  these  boundaries  vouljd  be  identical  if 
compared  using  the  sme  exit  angle  conditions.  Bor  these  Jets,  the  values  .of  (RT)j 
are  approxisebely  cecal.  -Since  ~/j  for  the  H2  +  CC2  alxture  and  air  arc  the"  sase. 
the  difference  in  the  Jet  boundary  shape  is 
between  the  Jets  (see  Table  ID- 


attributed  to  the  difference  in  (BDj 


MM 


'  Tie  results  of.-other  investigation's  (see  Re  fa.  63  end  59)  also  indicate  a  *li jht 
increase  in  the  rote  of  nixing  es  the  value  of  (RT)j  is  increased. 

14.5  Jet  Zoaentoo  Effects 

The  icporieace  cf  sisulatir.j  the  Jet  coaer.taa  is  discussed  in  Reference  62. 

Results  obtained  frc.  subsonic  teats  ere  presented  which  indicate  that  the  doiawaah 
angle  end  the  .drag  of  cn  cirfoil  in  the  wake  of  a  Jet  exhaust  ere  both  Independent  of 
tecperoture  when  the  soaenua  is  maintained  constant. 


VI.  DISCUSSION 

In  keeping  with  the  previous  Section.  the  discussion  of  the  results  will  be 
seneretc-d  into  the  categories  of  Jet  exit  effects  and  dosnstresa  effects.  These' 
categories  can  also  be  thought  of  as  those  effects  which  -are  not  affected  by-jet 
nixing  and  those  which  are  affected  'ey  siting. 


15.  JET  EXIT  EFFECTS 

As  pointed  cut  in  Reference  ?.p  and  discussed  in  Section  II,  eatchinx  of  the  initial 
inclination  angle  of  the  Jet,  5,  .  is  the  acst  ixportsnt  requireseat  in  order  to 
duplicate  Jet  exit  e"*nct:.  butteVn  a  model  ,»r,d  fell  scale  -reticle.  The  results  of  the 
previous  Section  or-d  cf  nary  Jr.ve«t5  rations  shoe  that  this  angle  can  be  predicted 
accurately  by  the  Prandtl-E-jtr  equations  for  x  tiso-difiessional  expansion  (see 
Section  II  -  1.11. 

The  results  src'-n  previously  also  indicate  that  base  pressure  results  and  dat* 
affected  by  c-iit  shock  position  CcP.  be  correlated  crong  tests  conducted  with  vc  riots 
jet  sedia.  Ties?  ocrrele.-icns  ere  obtained  by  crauving  tint  acrr.le  conditions  which  - 
give  the  sate  initial  Inclination  angle ‘of  the  jet  produce  identical  results. 


ho  seals 'act  cry  cintlarity  parameter  has  been  derived  to  provide  an  expression 
relating  ail  of  the  parc-.'-ra  =  ch  5'f’ct  the  lr trial  1:  :lir.r.c;on  angle  of  a  Jet. 

A  free  choice  of  tress  r' r.- -  ' * :-r->  to  obtain  sinilartty  is  pro-.-c.ee,  borcYer.  by  ueIe 
erta  .ca*  as  pr.'-s-~  ,.-d  is  : .-.rco  rrd  12.  a  ;  e  no.  re  of  success  in  jet 


studies  has 
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nomsle  boat-tail  angle, 
larity  parameter 
%  of  the  jet  media. 


&,  .  .and  the  free  stress  fluid  properties  and  using  the  simi- 
ivea  by  Eijuttion  (III-3)  to  account  for  the  difference  in 


Proa  the  -fore {ping,  therefore,  it  does  appear  that  jet  exit  effects  obtained  fro* 
model  tests- caa  be  used  with  soae  measure  of  confidence  in-  predicting  full  scale 
results. 


IS.  DCKXSTREASI  EFFECTS 


The  results  presented  in  Section  V.  although  limited  in  scope.,  indicate  that  if 
the  jet  inclination  angle  and  (RT)j  are  matched  the  jet  boundary  shape  ar.d  the  poaitioo 
of  the  transmitted  shock  till  he  'duplicated.  provided  free  stress  conditions  are 
natchea.  The  strength  of  the  transmitted  shock  has  been,  shown  to  be  a  function  of  the 
Knvsocra  peraaeter,  /J./y.i ;J  .  Tfith  all  other  conditions  the"  ease.  ah  increase  la 
(ET)j  .  which  represents  an  increase  in  jet  velocity,  produces  fen  increase  in  the  jet 
boundary. 


Although  notching  of  appears  to  provide  a  Beans  of  simulating  the  nixing 
boundary,  no  correlation  parameters  are  available  for  use  in  predicting  full  scale 


results  fros  data  obtained  at  cnaatched  conditions  of  (KT)j. 


Ukea  wing  or  tail  surfaces  are  immersed  in  or  placed  near  to  the  Jet  exhaust, 
duplication  of  the  jet  oscer.tua  has  been  shown  to  be  an  important  equivalence  pfersaeter. 
Although  cost  of  the  jet  properties  such  cs  velocity,  temperature  and  cess  flow  vary 
downstrean  of  the  jet  exit,-  the  jet  aoaestus  remains  constant  and  therefore  appears 
to  be  the  cost  critical  jet  flew  property  for  simulation. 


17.  ADBI7I0XAL  EeVAHkS 


Prom  the  foregoing  it  is  apparent  that  although  esay  theoretical  end  espbrimehtal 
studies  have  been  vacs  to  define  the  jet  characteristics,  few  systematic  investigation* 
have -been  sene  to  determine  simulation  paraneters  ana  the  feasibility  of  various 
experiment?.!  techniques.  Cm  the  basis  of  the  existing  data,  the  jet  pressure  ratio 
is  shorn  to  have  th?  greatest  effect  on  performance  characteristics.  Certain  charac¬ 
teristics  are  affected  by  conditions  in  the  i radiate  vicinity  of  the  base.  These 
conditions  In  turn  are  shown  to  be  effected  most  by  the  initial  inclination  angle  of 
•the  jet.  Characteristics  affected  by  downstream  jet  conditions  ere  seen  to  be 
dependent  upon  tbs  parameters,  yyuj/3j  end  and  the  jetoomenttsu 


Of  the  cold  gas  nedia  listed  in  Table  II,  simultaneous  duplication  of  y^  and 
<r.7) ,  is  possible  only  with  a  3 -component  mixture.  Use  of  such  a  gas  mould  of  course 
aiiolf  exact  duplicat.on  of  a  Jet  exhaust  without  the  adjustment  of  any  of  the  remain¬ 
ing  variehles  eceorcins  to  the  scaling  parameters.  However,  tests  with  such  mixtures 
are  required  to  obtain  experimental  verification  of  their  use. 


Cse  of  the  1-  or  2- exponent  cold  gas  aedis  does  require  an  adjustment  of  other 
vari  tiles  to  account  for  the  lack  of  duplication  of  both  y,  and  (irT)j.  Cos  possible 
cocilastion  which  mould  satisfy  the  most  critical  simulation  perzneters  is  to  use  the 
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following  procedure.  initially  select  a.  gas  chick  duplicates  <ET)j  tad  furthermore . 
specify  aodsi  operation  at  sntchei  jet  pressure  ratios.  Pj/Pa.  .  Assuring  7j  is 
not  patched.  or.  adj-ostsent  Is  node  in  a.  of  the  rwuel  to  satisfy  toe  parameter 
y.iij/A  to  account  for  duplication  of  the  jet  shock  properties.  Since,  ns  shots  is' 
Figure"1 17.  this  correction  dees  not  coepleteiy  provide  the  necessary  correction  to  the 
flcs  turning  angle  of  the  jet.  Ay  .  the  resale  exit  angle  can  be  adjusted  according 
to  Equation  (11-13)  to  provide  duplication  of  the  initial  inclination  ancle.  Sj  . 
of  the  Jet.  Simulation  of  the  reaaiainj  important  scaling  pamseter.  the  jet  ecsentSE, 
is  obtained  by  an  adjustment  of  the  todel  exit  area  according  to  Equation  {UlrlSls 
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Stawary  of  Scaling  Parameters 


General ' 

Simulation  Parameter 
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Simulation  Parameter,  for 
Matched  Stream  Condition *■ 
and  Jet  Pressure  patio 


Transmitted 

Shock 

PsP-^J. 

Mass  Plow 

.  p|yJM|(RT)<0Aj 

P^l(W)j  AS 

(RT)j 

Kinetic  Energy 

yjMjiRTij 

%ttl(RT). 

7,Mj(RI)j 

Internal  Energy 

O'. -lXRTlj. 

(RT)j 

(7j  -1)(RT). 

7j-l 

Enthalpy 

.  O'.  -  Wj  (RT) j 

(7j  -  l>7„<Kr). 

Tj  <KT) 
7j  -1  ' 

Moaentai 

vJyJuJAJ 

•  P«py&. 
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TABLE  II 

Properties  of  Caseous  Media 


T 

R 

KT 

■Medium 

°R 

7 

ft-lbf/lb  °R 

ft-lbf/lb 

Turbojet  Exhaust 

1450 

1.34 

53:0 

77.000' 

ftaajet  Exhaust 

3300 

1.27 

59.0 

195.000 

Rocket  Exhaust  - 

.5700 

1.23 

70.0 

399.000 

Air 

520 

1.40 

53.3 

27.700 

Heliua 

520 

1.66 

386.0  .* 

200.000 

Hydrogen 

520 

1.40 

768.0 

400.000- 

Carbon  Dioxide 

520 

1.28. 

35.0 

18.200 

Carbon  Dioxide  ‘ 

580 

.  1.29 

35.2 

20.400 

.15  H,  +  .85  CO, 

520 

1.38 

148.0 

77.000 

.46  H,  +  .54  CO, 

520 

1.40 

374.0 

195.000- 

.14  H,  +  .29  CO,  +  .57  C,«, 

530 

1.34 

147.0 

78.000 

Air 

3300 

1.30  ’ 

56.0 

185.000 

H,  +  Air  (burning) 

2600 

1.29 

57.0 

148.000 

Hj  +  Air  (burning) 

3300 

1.27 

59.0 

195,000 

H,0,  (.10  H,0) 

1825 

1.27 

69.9 

127.500 

JATO 

3420 

1.27 

71.6 

245.090 

LOX  +  JP 

5880 

1.24 

70.0 

411.000 
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Fig.  7  Effect  of  jet  Mach  number  on  the  boundary  of  *  Jet  exhausting  Into  a  medium 

at  rest 
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Pig. 10  Effect  of  jet  M&ch  number  on  the  initial  inclination  angle  of  a  Jet  exhausting 

into  a  moving  stream 
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Fig. 13  Effect  of  freo  stream  Mach  number  on  the  boundary  of  a  Jet  exhausting  into 

moving  stream 


i  Initial  Inclination  angle  of  &  Jet  #xtmusttn«  Into  n  medium 
constant  Jot  pressure  ratio  similarity  parameter,  7iMj//3,  =  3, 
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